Geometrically enhanced photocathodes are currently being developed for use in applications that seek to improve detector efficiency in the visible to X-ray ranges. Various photocathode surface geometries are typically chosen based on the detector operational wavelength region, along with requirements such as spatial resolution, temporal resolution, and dynamic range. Recently, a structure has been identified for possible use in the X-ray region. This anisotropic high aspect ratio structure has been produced in silicon using inductively coupled plasma (ICP) etching technology. The process is specifically developed with respect to the pattern density and geometry of the photocathode chip to achieve the desired sidewall profile angle. The tapered sidewall profile angle precision has been demonstrated to be within ± 2.5° for a ~ 12° wall angle, with feature sizes that range between 3-9 µm in diameter and 3-17 µm depth. Here we discuss the device applications, design and present the method used to produce a set of geometrically enhanced high yield X-ray photocathodes in silicon.
INTRODUCTION
Time resolved X-ray diagnostics are widely used at the National Ignition Facility (NIF) [1] . Currently the facility uses streak camera detectors such as DISC [2] and SPIDER [3] and time dilation imaging tubes (DIXI) [4, 5] for imaging in the 5-10 keV range. The introduction of the Advanced Radiographic Capability (ARC) on the NIF will provide imaging sources that extend well above the 10 keV limit. However, current detectors rely on photocathode materials to convert photon signal to electrons, which are then dispersed temporally with the use of voltage ramps and magnetic fields. The imager detector efficiency and operational range is somewhat limited to below 10 keV, due to a sharp reduction in quantum efficiency (QE) of most photocathode materials, i.e. Au and CsI [6] [7] [8] .
Geometrically enhanced photocathodes provide a potential solution, and can be easily integrated into existing detectors without compromising performance.
The electron yield can be improved by better matching the X-ray path length to the very thin top-most emission layer of the photocathode, defined as the electron escape depth. This is accomplished by changing the incidence angle of X-ray photons to very shallow, near grazing geometry, see Fig. 1 . The secondary electron escape depth is typically very thin, for example in Au it is limited to the top 10 Å and to 250 Å, see Fig. 1 . [9, 10] . Angles θ below ~ 20 degrees are needed to provide significant enhancement ~ 1/sinθ. Grazing incidence detectors have utilized this geometry and demonstrated improvement in photocathode QE by a factor of 15-20 times in the soft X-ray range [11] . This effect can also be extended to the 10-20 keV range, as predicted by the semi-empirical model by Fraser et al. [12, 13] .
,G ee-X -ray beam in transmission geometry X -ray beams in grazing geometry Figure 1 . Example of the grazing incidence and transmission geometry. The escape depth (not to scale) is shown on both sides of the photocathode. Electrons that are generated within the bulk do not contribute to the measured yield.
Changing the incidence angle of current NIF detectors is costly and may not be possible due to engineering design constraints, however it is fairly simple to change the design of the photocathodes by introducing geometrically enhanced surfaces such as pillars, cones, or recessed cavities. A recent study utilized CST Studio Suite [14] modeling software to determine a set of structured photocathode designs that would increase the observed yield by up to 3.5 times without changing the spatial and temporal performance of current X-ray detectors [8] . The modeling software was used to investigate the effects of structure width and pitch on the strength of electric fields present at the surface of the photocathode. The following two sections will describe the design and fabrication method used to produce a set of large area recessed structured photocathode prototypes that were plasma etched in silicon.
PHOTOCATHODE DESIGN
The aim of this work was to design a photocathode that would easily fit into current X-ray detectors without compromising their performance. The structured photocathode had to withstand high electric fields without arcing, maintain a spatial resolution of ~ 50 µm and a temporal resolution of ~ 10 ps. CST was used to simulate the effects of the structured surfaces on these parameters. The theoretical and computer simulation details of this work are described in our previous publication [8] .
Vacuum tube based temporally resolving X-ray detectors need an electron acceleration region which is achieved by placing a mesh a few millimeters away from the cathode to generate high gradient field of up to 10 MV/m. When a metal coated pillar or cone structure is placed in the acceleration region, the field strength concentrates at the tip of the structures causing field emission. The problem is mitigated by going to a recessed structure design that maintains a flat surface in the acceleration gap region without loss of surface area needed to generate yield enhancement. Fig. 2 shows examples of the recessed cone geometry. During the modeling stage we investigated the effect of changing the structure diameter and depth on the spatial and temporal spread of the emitted electrons. The angle of the recessed structure walls was chosen to be 10-15 degrees; this angle provides a balance between increasing the enhanced interaction yield area and using shallower incidence angles. The modeling results showed that the spatial spread of the electrons depended on the wall angle and the diameter of the structures. Electrons that are generated at the cone wall surface follow a parabolic path through the acceleration region. Spatial resolution can thus be improved by reducing the structure diameter and increasing the electric field strength in the acceleration gap region.
The electron temporal spread mostly depended on the cavity depth. The substrates are typically coated with a conducting metal, which reduces electric field within the recessed cavities. Electrons emitted at the bottom of the cavities where the field is weakest take longer to cross the acceleration gap region than those emitted near the surface where the fields are strongest. Shallow structures introduced the least amount of temporal dispersion (~300 fs), and full length structures showed a temporal spread of up to 20 ps. Table 1 summarizes the recessed cone and pyramid parameters that were chosen for the first prototypes along with the expected total yield increase for each structure. The full length structures show the best improvement in QE, however the worst temporal performance. The results show that it is possible to adjust the photocathode structure parameters to meet the detector requirements of most NIF X-ray detectors. We fabricated recessed cone prototypes with three cavity depths in order to verify the TEY increase predicted by our calculations.
The final prototype specifications requested a 10 -15 degree wall angle, with 9 µm diameter or side wall for the two recessed cavity structures. Precision in the wall angle was critical to matching the modeling results. Smooth surfaces, with roughness on the order of a few hundred angstroms were needed to limit the temporal and spatial dispersion results. Finally the width and pitch had to have a tolerance half a micron across devices that were 8 x 8 mm. The devices were fabricated out of Silicon and then coated with ~ 20 Å of Ti and 700 Å of Au. The devices were also back etched to 150 µm to reduce X-ray absorption through the substrate. 
PHOTOCATHODE FABRICATION DETAILS
The fabrication of the photocathode starts with 150 mm diameter silicon on insulator (SOI) wafers. The device layer is 150 µm thick, the buried oxide layer is 1.0 µm thick, and the handle layer is 400 -500 µm thick. The device layer provides precisely controlled silicon thickness for the active region, while the handle layer provides structural support. Wafers first undergo a lithography process on the front side to define the photocathode active region. The photocathode structures are etched via a specially developed deep reactive-ion etch (DRIE) process to produce a 10 -15 degree sidewall taper. The backside handle is then patterned to form thin device layer. Finally, the front side is coated with Ti/Au in a sputtering system. The fabrication sequence is summarized in Figure 3 . 
FINAL PROTOTYPE RESULTS
The key fabrication challenge was to produce a controlled sidewall taper with the pattern geometry specifically designed for the photocathode. A 10 degree positive taper sidewall profile process was demonstrated. The device was etched to a depth of ~ 9.2 µm with good uniformity across the 8 mm x 8 mm active region. Figure 4 illustrates the cross section view of final device structured region. The final wall angle varies between 10 -15°, with wall roughness on the order of 200 Å. The metal coating thickness is ~900 Å on cavity walls. The resulting prototype is well within the requirements and matches the initial modeled structure. 
FUTURE PLANS FOR PERFROMANCE CHARACTERIZATION
The geometrically enhanced photocathode prototypes will be fully characterized with an X-ray source. After the modeling results are verified, a full scale photocathode will be fabricated and tested in an existing DISC. The aim of the characterization work is to verify the predicted yield enhancement in the 1-12 keV range. Testing the photocathodes in DISC will provide a measure of how the temporal and spatial resolution of the detector is impacted with the addition of the structured surface. Finally, after fully characterizing the performance of the structured photocathode in a static detector, we will begin working on a design that can be used in pulsed mode. This geometrically enhanced photocathode will be tested in the time dilation detector DIXI.
